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Introduction
Diabetes is associated with significant morbidity and mortality, and contributes substantially to healthcare expenditure. Diabetes is projected to affect 552 million people by 2030, almost tripling in prevalence since 2011 [1] . Type 2 diabetes, characterised by insulin resistance, accounts for approximately 96% of all diabetes cases in adults aged over 25 [2] . It has been estimated that as much as 60% of type 2 diabetes disease risk is due to modifiable environmental factors including obesity, physical inactivity, diet quality, smoking, hypertension and abnormal cholesterol levels [3] . Despite the implementation of interventions based on these traditional risk factors, the incidence of diabetes continues to rise. Identifying additional factors that contribute to increased risk is of public health significance.
Increasingly, psychological stress is being explored as a risk factor for chronic conditions, such as cardiovascular disease and arthritis [4] . Diabetes and cardiovascular disease share some of the same causal pathways, hence there is logic in testing the relationship between stress and diabetes. Pathophysiological mechanisms linking stress to diabetes have included direct neuroendocrine effects (e.g. the fact that stress hormones such as cortisol and adrenaline are counter-regulatory to insulin), and indirect effects mediated by traditional risk factors (e.g. stress may reduce the likelihood of exercising) [5, 6] .
When psychological stress, particularly work stress, has been examined as a risk factor for type 2 diabetes in epidemiological research, the findings have been equivocal [7, 8] . A Swedish study of men born [1921] [1922] [1923] [1924] [1925] found that chronic stress (related to home and work) for one to five years prior to baseline was associated with a 45% increase in the risk of being diagnosed with either type 1 or type 2 diabetes (assessed using hospital records) at 35 year follow-up [9] . Likewise, Kato et al. [10] found that baseline perceived stress was associated with an increased risk of diabetes onset at ten-year follow-up in a Japanese cohort of men and women aged 40-69 years. On the other hand, an Australian study of men and women aged 25 years and over at baseline, recently found that high levels of perceived stress (as opposed to stressful life events) were associated with abnormal glucose metabolism over a five year period for women but not men [6] . Therefore, the way in which stress is measured, in particular the timing of exposure and the error involved, may be pivotal to understanding the stress and diabetes relationship. To our knowledge, no studies have examined the temporal relationship between perceived stress and type 2 diabetes, using repeated measures of stress. We account for the variation in perceived stress, as well as traditional risk factors, over time and at a population level. This study aims to:
1. examine the relationship between perceived stress and type 2 diabetes onset in a broadly representative cohort of middle-aged women over a 12-year period;
2. partition the total effect estimate of stress on diabetes into direct and indirect effects using mediation analysis. 
Materials and methods

Overview of study design
Causal model expressed as a directed acyclic graph
The causal model being tested in this study is articulated using the directed acyclic graph in Fig 1 . The directed acyclic graph shows the main exposure (stress) and the main outcome (type 2 diabetes). Socioeconomic status and age both affect stress and diabetes and hence are considered confounders since they provide a "back-door path" between the outcome and the exposure. Perceived stress can influence smoking, hypertension, physical activity and body mass index, either directly or indirectly, all of which can then influence the risk of diabetes; these are therefore considered potential mediators.
Once the longitudinal nature of the study is taken into account, the causal web can get quite complicated (S1 Fig). In particular, the addition of the longitudinal dimension means that some mediators can now become confounders. In our case, stress at one point can influence physical activity at the next point, which in turn can influence stress again (visualised in S2  Fig) . Logistic regression models cannot adequately handle this situation where a variable can be both a confounder (in which case it must be adjusted for) and a mediator (in which case adjusting for it would remove some of the effect we are trying to capture). For these cases, marginal structural models must be used.
Measures
Unless otherwise stated, the following variables were measured at all surveys.
Outcome: Type 2 diabetes. Type 2 diabetes was defined as self-reported diagnosis or treatment for diabetes (excluding type 1) in the previous three years. Self-reported diabetes status has been found to be a reliable proxy for medical record review, particularly for women [12] . Impaired glucose tolerance is on the biological pathway to development of diabetes. Hence a sensitivity analysis was conducted where type 2 diabetes was defined as self-reported diagnosis/treatment for diabetes in the previous three years or diagnosis/treatment for impaired glucose tolerance at Surveys 3-6.
Predictor: Perceived stress. Women were asked to rate how stressed they had felt across ten life domains (including money and personal relationships) within a 12 month period on a five point scale from 'not stressed at all' to 'extremely stressed'. Mean scores were aggregated into 'no stress' (mean score of 0), 'minimal stress' (scores >0 and 1) and 'moderate/high stress' (scores >1). This method of classification has been previously adopted to examine disease onset in other chronic conditions [4, 13] . This measure of perceived stress has demonstrated acceptable internal consistency (Cronbach's alpha = 0.70) for the 1946-1951 cohort [14] and convergent and discriminant validity [15, 16] . For reference, Cronbach's alpha coefficient for internal reliability was comparable with the commonly used 14-item Perceived Stress Scale (alpha = 0.75) [17] .
Confounder variables. Age in years was determined from date of birth. Highest educational qualification was used as a measure of socioeconomic status.
Mediator variables. Hypertension was defined as self-reported diagnosis or treatment for the condition in the previous three years.
Physical activity was derived from Active Australia's National Activity Survey (based on the frequency and duration of leisure-time activity lasting ten minutes or more in the last week). Weekly minutes were assigned a resting metabolic rate (MET) equivalent and were categorised as 'no/low' (<600 MET mins/week) and 'moderate/high' (!600 MET mins/week) [18] .
Diet quality was assessed at Survey 3 (2001) and Survey 5 (2007) using the Australian Recommended Food Score method [19] , which allocates points for foods and beverages that are consistent with national dietary recommendations. Higher scores indicate better diet quality: higher dietary fibre, lower total and saturated fat, and higher micronutrient intakes [19] . For these analyses, diet scores were ranked as quintiles.
Smoking was categorised as 'non-smoker', 'ex-smoker' and 'current smoker' when examined as a predictor and as 'non-smoker', 'ex-smoker/current smoker' when examined as a mediator variable.
Body Mass Index (BMI) was used in sensitivity analyses instead of diet quantity. BMI was calculated for each participant from self-reported height and weight, categorised as: 'underweight' (<18Á5m 
Statistical analysis
Chi-square analyses (for categorical variables) and independent t-tests (for continuous variables) were used to examine sociodemographic differences according to type 2 diabetes status by Survey 6.
Estimating the total causal effects of perceived stress on type 2 diabetes. Associations between perceived stress and each of the hypothesised mediators (physical activity, diet quality, hypertension and smoking status) were examined using logistic regression (or ordinal logistic regression for diet quintiles), adjusting for potential confounders (age and education). Clustered robust variances were used to account for the repeated measurement on participants over time. Associations between each of the mediators and diabetes were then examined using separate pooled logistic regression models. Finally, the total causal effect estimate of perceived stress was examined using pooled logistic regression. Data were censored at type 2 diabetes diagnosis or the end of the observation period, whichever occurred first. Physical activity was identified as time varying: that is, depending on time it could be either affected by perceived stress (i.e. act as a mediator), or a confounder of the relationship between perceived stress and diabetes ( S2 Fig). Therefore, a sensitivity analysis using marginal structural models to account for the effects of physical activity was performed. Marginal structural models were constructed with inverse probability of treatment weighting, where the weights were derived and used to circumvent the necessity to adjust for the time varying confounder. In short, inverse probability of treatment weighting "balances" the stress levels across prior physical activity levels such that the stress levels at each wave are not related to physical activity at previous waves. This is achieved by either up-weighting or down-weighting those with physical activity histories that are under-represented (or over-represented) in their current stress level.
Estimating the controlled direct effects of perceived stress on type 2 diabetes. Controlled direct effects were estimated by setting the mediator to a fixed level (through conditioning in the regression model), thereby controlling for the effects of perceived stress on the mediator. We calculated the fraction of the total effect explained by the mediators with 95% confidence intervals (95%CI) using a bootstrapping method (with 200 replications).
Models were constructed with and without a time lag (i.e. one survey or three years) at both a univariate and multivariate level (i.e. adjusting for confounders identified using a directed acyclic graph; see Fig 1 for a simplified model of hypothesised pathways and S1 Fig for the  complete causal model) . This method allowed for the examination of a temporal sequence (i.e. to allow for cause and effect) between perceived stress and type 2 diabetes onset, with psychological stress having to precede type 2 diabetes diagnosis [20] .
As impaired glucose functioning is a key factor in type 2 diabetes [21] , a sensitivity analysis was conducted with the diabetes category including women who reported either a diagnosis of glucose intolerance or type 2 diabetes. This approach accounted for women who may be symptomatic but had not yet been diagnosed with type 2 diabetes.
Statistical significance was set at p<0.05. All statistical analyse were conducted using Stata v13 (StataCorp, College Station, TX, USA).
Results
Sample characteristics
In 1998 (Survey 2; baseline in this study), 477 (3.7%) women reported a diagnosis of type 2 diabetes and were censored. By 2010 (Survey 6), 6.8% (n = 871) of women reported an incident diagnosis of type 2 diabetes. Sociodemographic characteristics for women with incident type 2 diabetes by Survey 6 compared to women without type 2 diabetes are shown in Table 1 .
Direct and indirect effect estimates of stress on incident diabetes
Partitioning the effect estimates of stress on diabetes allows us to quantify the total effect, and divide this into an indirect effect, mediated through known variables, and a direct effect, which as the name implies, represents either a direct effect on diabetes or an effect through as yet unknown variables. We build up the model for the total effect of stress on diabetes by: first exploring the relationship between stress and known mediators; then the relationship between the known mediators and diabetes; and finally, by looking at the multivariate model.
Longitudinal associations between perceived stress and mediators. Table 2 shows the longitudinal relationship between perceived stress and the hypothesised mediators. As the models produced with and without a time lag were similar, only the results from the time lag models are reported here. A graded relationship was found between perceived stress and all mediators in the multivariate analyses. In particular, experiencing moderate/high levels of perceived stress was associated with a 1.61-fold increase in the odds ratio (OR) of having ever smoked (95%CI 1.42, 1.83; P<0.001), and a 1.67-fold increase in having been diagnosed or treated for hypertension (95%CI 1.46, 1.90; P<0.001). Further, women reporting moderate/ high levels of perceived stress reported lower diet quality (OR 0.79, 95%CI 0.71, 0.88; P<0.001) and lower physical activity (OR 0.61, 95%CI 0.55, 0.68; P<0.001) compared to women with no stress.
Longitudinal associations between mediators and type 2 diabetes. In the time lagged multivariate analyses, a significant association with diabetes was found for both hypertension and physical activity ( significant lagged effect was found for either smoking status or diet on type 2 diabetes. However, in a sensitivity analysis using BMI instead of diet quality, an association was found for increasing BMI (S1 Table) . In particular, compared to underweight women, being overweight was associated with a 2.49-fold (95%CI 1.98, 3.14; P<0.001) increase in odds of being diagnosed/treated for type 2 diabetes at the following survey, while those who were in the highest BMI category (obese) were 7.38 (95%CI 5.96, 9.13; P<0.001) times more likely to go on to develop type 2 diabetes. Total causal effect estimate of perceived stress on type 2 diabetes. A graded relationship for the total effect of perceived stress on type 2 diabetes onset was found (Table 4 ). In particular, women with minimal (OR 1.56, 95%CI 1.14, 2.14; P = 0.005) and moderate/high stress (OR 2.33, 95%CI 1.65, 3.28; P<0.001) demonstrated increases in odds of being diagnosed/ treated for type 2 diabetes three years later, relative to no perceived stress. In a sensitivity analysis defining the outcome as either type 2 diabetes or glucose intolerance, the relationship increased slightly for those with moderate/high levels of perceived stress in the adjusted time lag analyses (S2 Table) . The sensitivity analysis treating physical activity as a time varying confounder through marginal structural models had no influence on the results (S3 Table) .
Controlled direct effect of perceived stress on type 2 diabetes. When the controlled direct effect of perceived stress on type 2 diabetes onset was examined using traditional regression adjustment for all confounders and mediators, only slightly attenuated effects were observed (Table 4) . Collectively, BMI, hypertension and physical activity explained only 10% (95%CI 3.5%, 18%) of the excess diabetes risk due to minimal perceived stress and 20% (95% CI 14%, 28%) of the variation due to moderate/high perceived stress. Stated conversely, about 80% of the effect of stress on increasing diabetes could not be explained simply by the influence on traditional risk factors (e.g. BMI, physical activity). Table 3 . Longitudinal associations between the hypothesised mediators and type 2 diabetes, using a time lag approach. Each analysis is adjusted for the potential confounders of SES (measured by educational attainment) and age, as well as secular trends (time by survey). The aim here is to identify the relationship between each mediator and the outcome of type 2 diabetes. The combined effect of all the mediators is modelled in Table 4 . 
Discussion
This study examined the temporal relationship between perceived stress and incident type 2 diabetes in a middle-aged cohort of Australian women over 12 years. Perceived stress was a strong risk factor for type 2 diabetes, with a graded relationship identified in the longitudinal time lag analyses. Our mediation analysis shows that only a small portion of the effect of stress on diabetes risk (i.e. <20%) is acting through traditional risk factors, particularly hypertension, BMI, and physical activity. Our findings support and extend previous research examining the relationship between stress and diabetes onset, particularly among women. Williams et al. [6] found an independent effect of baseline perceived stress levels on incident impaired glucose metabolism in women over a five year period. Similarly, a graded relationship between post-traumatic stress disorder symptoms (an extreme example of chronic stress) and type 2 diabetes risk was shown using 22 years of data from the Nurses Health Study II [22] .
Contrary to the long-standing 'Bjorntorp hypothesis', which proposes that neuroendocrine responses to stress are mediated mainly by central adiposity [23] , BMI explained little of the variance in the perceived stress-diabetes relationship. Williams et al. [6] also showed adiposity (and health behaviours) had little influence on the relationship between stress and abnormal glucose metabolism. Likewise, Toshihiro and colleagues [24] found that obesity did not predict progression to diabetes from impaired fasting glucose and/or impaired glucose tolerance in Japanese workers.
In our study, we also found no relationship between smoking and type 2 diabetes onset over the 12 years. This is in sharp contrast with a 2007 meta-analysis of 25 prospective cohort studies [25] . It is important to note that the temporal relationship between smoking and type 2 diabetes in the studies that were pooled was not specifically explored and the studies included in the meta-analysis varied in terms of quality, follow-up and control of confounders. In particular, the findings of the pooled analyses appeared to be highly dependent on BMI, which raises the possibility that adjustment for BMI increases confounding of the stress/diabetes relationship, through collider bias [26] . Despite this, a significant relationship between moderate to high levels of perceived stress and traditional risk factors (e.g. diet and physical activity) was detected, as it has been in previous literature [27] .
The large, controlled, direct effect of stress on diabetes may act on glucose metabolism through dysregulation of the hypothalamic-pituitary-adrenal and sympathetic-adrenal-medullary axes. The acute stress response activates the central, autonomic, neuroendocrine, and immune systems, as well as motor responses, when there are real or perceived threats to homeostasis [28] . In particular, the sympathetic-adrenal-medullary axis releases catecholamines and the hypothalamic-pituitary-adrenal axis secretes glucocorticoids that mobilise the 'fight or flight' response [29] . Chronic activation of the hypothalamic-pituitary-adrenal and sympathetic-adrenal-medullary axes and associated mechanisms, in conjunction with resultant amplification of pro-inflammatory cytokines (through increased tumor necrosis factor-α and interleukin-6 production), all counteract insulin and may induce insulin resistance and β-cell dysfunction [30, 31] .
This study has a number of strengths. These include the prospective study design, large national cohort, use of sophisticated statistical techniques in order to examine mediational pathways, as well as the length of follow-up. In particular, the regularity of the survey data over the 12 years of follow-up allowed us to examine population-level changes in the predictor, mediators and confounders over time. To date no study has been able to achieve this.
The study must also be considered in light of its limitations. Firstly, we used a self-report measure of type 2 diabetes. However, self-reported diabetes status has been found to be a reliable proxy for medical record review, particularly for women [12] . It is possible that women with glucose intolerance were under-represented, since onset of diabetes may occur years prior to a clinical diagnosis [32] . However, the relationship between perceived stress and diabetes increased when including glucose intolerance in the sensitivity analysis. Secondly, in the lagged analyses diet quality was only measured twice, which may have contributed to its lack of prediction as a risk factor for type 2 diabetes. However, a recent meta-analysis of prospective cohort studies is in accord with the null finding [33] and BMI (which is related to dietary intake, and reported at each survey) was a predictor. Finally, given that both measures of stress and diabetes relied on self-report, it is possible they share common variance as a result of negative cognitive appraisal, which may increase the likelihood of detecting a significant association.
The findings of this study have important implications for the delivery of diabetes prevention and treatment programs. Current international consensus guidelines on the prevention of type 2 diabetes advocate for interventions administered at a whole population level as well as specific screening for high risk individuals [34] . This raises the possibility that measures of stress could improve the performance of current screening tools for adults at risk of type 2 diabetes, or that interventions to improve mental health may mitigate the growing incidence of type 2 diabetes. Targeting improved mental health and reducing stress could also have the potential of slowing the progression from glucose intolerance to frank diabetes, or lead to better glycaemic control. Importantly, a meta-analysis of randomised controlled trials of psychological interventions for type 2 diabetes found stress reduction improved long-term glycaemic control among type 2 diabetes patients [35] . In a complementary approach, moderate physical activity has been found to not only increase glucose utilisation in those with glucose intolerance [36] but also provides antidepressant effects [37] .
With type 2 diabetes set to surpass cardiovascular disease as the number one chronic disease affecting society, addressing the increasing burden associated with type 2 diabetes will become a key healthcare priority. Using causal modeling techniques in this large national cohort study, perceived stress was found to be a strong independent risk factor for diabetes. The findings provide support for perceived stress to be considered alongside other modifiable risk factors for type 2 diabetes, such as obesity and physical activity in public health primary prevention and screening programs. Table. Sensitivity analysis comparing the total causal effect of stress on diabetes with physical activity treated as a time-varying confounder using a marginal structural model and a mediator using standard regression. (DOC) 
